Abstract X−linked adrenoleukodystrophy is a rare inherited demyelinating disorder characterized by an abnormal accumulation of very long chain fatty acids, mainly hexacosanoic acid (26:0), due to a mutation of the gene encoding for a peroxisomal membrane protein. The only available, and partially effective, therapeutic treatment consists of dietary intake of a 4:1 mixture of triolein and trierucin, called Lorenzo's oil (LO), targeted to inhibit the elongation of docosanoic acid (22:0) to 26:0. In this study we tested whether, besides inhibiting elongation, an enhancement of peroxisomal beta oxidation induced by conjugated linoleic acid (CLA), will improve somatosensory evoked potentials and modify inflammatory markers in adrenoleukodystrophy females carriers. We enrolled five heterozygous women. They received a mixture of LO (40 g/day) with CLA (5 g/day) for 2 months. The therapeutic efficacy was evaluated by the means of plasma levels of 26:0, 26:0/22:0 ratio, modification of cerebrospinal fluid (CSF) inflammatory markers and somatosensory evoked potentials. Changes of fatty acid profile, and in particular CLA incorporation, were also evaluated in CSF and plasma. The results showed that CLA promptly passes the blood brain barrier and the mixture was able to lower both 26:0 and 26:0/22:0 ratio in plasma. The mixture improved somatosensory evoked potentials, which were previously found unchanged or worsened with dietary LO alone, and reduced IL-6 levels in CSF in three out of five patients. Our data suggest that the synergic activity of CLA and LO, by enhancing peroxisomal beta-oxidation and preventing 26:0 formation, improves the somatosensory evoked potentials and reduces neuroinflammation.
Introduction
X−linked adrenoleukodystrophy (ALD) is an inherited demyelinating disorder. The disease is characterized by an abnormal accumulation of very long chain fatty acids (VLCFA), owing to a defect in VLCFA peroxisomal beta-oxidation. The gene responsible for ALD was cloned and originally termed adrenoleukodystrophy gene. This gene encodes a 745 amino acid peroxisomal transmembrane protein (ALDP) with the general structure of an ATP-binding cassette transporter (Mosser et al. 1993) . The prevalence of the disease is 0.5 to 3.3 in 100,000 males (Heim et al. 1997; Kirk et al. 1998 ). There are seven distinct clinical phenotypes described in males, ranging from the more severe cerebral forms, to asymptomatic individuals or isolated adrenal insufficiency, without involvement of the central nervous system. Approximately 50% of women who are heterozygous for ALD develop an adrenomyeloneuropathy (AMN)-like syndrome, a higher proportion than what had been recognized in the past. The mean age at the onset of symptoms in heterozygous females (37±14.6 years, range 32-73 years) is greater than in men with AMN (28±9 years), clinical symptoms are milder and progression is slower. Cerebral and adrenal involvement are rare in females (Moser et al. 1991; Restuccia et al. 1997) .
All the cerebral forms are inflammatory forms, associated with a rapidly progressive intensely inflammatory myelinopathy, that usually begins in the parietooccipital regions (Schaumburg et al. 1975; Ito et al. 2001 ) and may involve autoimmune mechanisms (Ito et al. 2001) .
The accumulation of VLCFA in different tissues, including the brain, has been so far believed to be the major cause of ALD. This hypothesis stems from the evidence that an increase of 26:0 intercalated into the membrane (Ho et al. 1995) may account for the demyelination and may also increase immunoreactivity (Baes and Aubourg 2009) . However, in a mouse model of ALD knock out for the ABC gene, while an accumulation of VLCFA has been described, only mild typical neurological signs of ALD were detected (Baes and Aubourg 2009) . Therefore, it is likely that alongside the damage triggered by the accumulation of VLCFA, other factors, as a consequence and/or independently, contribute to the physiopathology of ALD.
Lorenzo's oil (LO) therapy is the only available and partially effective treatment for X−ALD patients.
It consists of a 4:1 mixture of glycerol trioleate and glycerol trierucate. This mixture reduces plasma levels of VLCFA known to cause ALD, competitively inhibiting the elongase that forms VLCFA. Conversely, erucic acid while likely passes the blood-brain barrier, it may not be incorporated into brain lipids due to a very low desorption (Hamilton et al. 2007) . As a net result, erucic acid may not accumulate sufficiently in the brain (Poulos et al. 1994) , leaving open the question whether it is really effective in the central nervous system. We hypothesized that the addition of another fatty acid, that may induce peroxisomal beta-oxidation and accumulate in brain lipids, could act synergistically with LO. The possible candidate was conjugated linoleic acid (CLA), a group of isomers of linoleic acid, mainly found in foods derived from ruminants, which is characterized by a conjugated diene structure (Banni et al. 2004b) . CLA is a high affinity ligand of the peroxisome proliferator activated receptor (PPAR) alpha (Moya-Camarena et al. 1999 ), a transcription factor for the genes involved in peroxisomal beta oxidation and thereby able to induce key enzymes for peroxisomal beta oxidation (Reddy and Hashimoto 2001) .
The decrease of peroxisomal beta-oxidation may also lead to a decreased catabolism of proinflammatory eicosanoids (Diczfalusy and Alexson 1990; de Waart et al. 1994; Ferdinandusse et al. 2002) and lipid peroxidation products (Mayatepek and Lehmann 1996; Iannone et al. 2009 ). CLA, by increasing peroxisomal beta-oxidation, should also increase eicosanoid and oxidative stress product catabolism, acting as an antinflammatory and antioxidative factor. Given the prompt incorporation of CLA into the brain recently demonstrated in animal models (Alasnier et al. 2002; Fa et al. 2005; Sikorski et al. 2008 ) its activity in the central nervous system should also be ensured as recently suggested (Hunt et al. 2010) .
A previous study showed that the long-term dietary supplementation of LO is not able to modify the progression of the neurophysiologic impairment of adult ALD patients repeatedly evaluated by evoked potentials (Restuccia et al. 1999) .
The primary objective of our study was to determine whether CLA crosses the brain-blood barrier and thereby exerts a synergistic effect with LO in ameliorating biochemical, clinical and neurophysiological parameters in X-linked ALD patients. As conservative approach and because of the extreme rarity of the disease, we chose to recruit five female xlinked ALD carriers.
Materials and methods

Study design
Five ALD women (mildly symptomatic or asymptomatic) who were not treated with LO therapy at the study entry were recruited. A mixture of LO (40 g/day) with CLA (a mixture 1:1 c9,t11 and t10,c12 isomers) (5 g/day) was given for 2 months. No data on possible activity of CLA on neuroinflammation in humans are available, we therefore temptatively chose a dose sufficiently high to be incorporated in CNS lipids based on our previous study on rats (Fa et al. 2005) .
No dietary lipid restriction was prescribed. The LO with CLA mixture was kindly provided by Sofedus srl, Milan, Italy. Table 1 summarizes the clinical characteristics and the results of molecular analysis of the five patients.
After recruitment, during the 1st visit (t0), blood samples were collected from all the patients in order to analyze their baseline platelet count (Zinkham et al. 1993 ) and plasma lipid profile (including the fatty acid profile). At baseline, the somatosensory evoked potentials (SEPs) of upper and lower limbs were also performed in all the patients. The 2nd visit (t1) was scheduled after 4 weeks of treatment with LO + CLA to repeat blood sampling for platelet count and lipid analyses.
The 3rd visit (t2) was scheduled after 4 more weeks (8 weeks from baseline), to perform the second evaluation of the SEPs, and to repeat blood sampling for platelet count and lipid analyses.
One of the symptomatic patients with spastic paraparesis (patient 1) had been previously treated with LO and had stopped LO therapy one month before recruitment.
At baseline and during the 3rd visit, 25-30 drops of CSF (about 1.5 ml) of cerebrospinal fluid (CSF) were collected by lumbar puncture in all patients. Blood and CSF samples were centrifuged and stored at −80°C, until analyses.
The CSF samples were analysed for fatty acid composition, in order to verify whether CLA and erucic acid are able to pass, and to what extent, the blood-brain barrier.
The institutional review board approved the study, written informed consent was obtained from all patients at recruitment.
Lipid analyses
Total lipids were extracted from plasma or CSF using chloroform/methanol 2:1 (v/v) (Folch et al. 1957) . Separation of phospholipids from total lipids was performed as previously reported (Banni et al. 2001) . Aliquots were mildly saponified as previously described (Banni et al. 1996) in order to obtain free fatty acids for HPLC analysis. Separation of fatty acids was carried out by an Agilent 1100 HPLC system (Agilent, Palo Alto, Calif., USA) equipped with a diode array detector as previously reported (Angioni et al. 2002) .
Since saturated fatty acids are transparent to UV, they were measured, after methylation, by means of a gas chromatograph (Agilent, Model 6890, Palo Alto, CA) equipped with split ratio of 20:1 injection port, a flame ionization detector (FID), an autosampler (Agilent, Model 7673), a 100 m HP-88 fused capillary column (Agilent), and an Agilent ChemStation software system. The injector and detector temperatures were set at 250°C and 280°C respectively. H2 served as carrier gas (1 ml/min), and the FID gases were H2 (30 ml/min), N2 (30 ml/min), and purified air (300 ml/min). The temperature program was as follows: initial temperature was 120°C, programmed at 10°C/min to 210°C and 5°C/min to 230°C, then programmed at 25°C/min to 250°C and held for 2 min.
A further identification of fatty acids, and in particular of CLA has been carried out by LC-APCI-MS as previously described (Banni et al. 2004a ).
Cytokine analyses
The total CSF samples were centrifuged at 1500 rpm for 10 min and the supernatants were immediately frozen at −80°C. IL-6 and IL-8 levels were quantified in CSF using sandwich immunoassays.
We decided to dose both these inflammatory markers in ALD, because IL-6 is one of the most important mediators of the acute phase response, it is capable of crossing the blood brain barrier (Banks et al. 1994 ) and initiating synthesis of PGE2 in the CNS. IL-8 is a chemokine produced by macrophages and epithelial cells, it is also synthesized by endothelial cells, which store IL-8 in their storage vesicles. The presence of IL-8 has been demonstrated in the CSF of patients with different diseases of the CNS (MacLullich et al. 2011; Vrethem et al. 2011) .
All reagents were purchased from R&D System (R&D System Inc., Minneapolis, MN, USA). IL-6 was quantified using the Quantikine® High Sensitivity human IL-6 Immunoassay (Catalog Number: HS600B) according to the manufacturer's instructions. The detection range of the kit was 0.15 -10 pg/ml. IL-8 was quantified using a combination of a monoclonal anti-human CXCL8/IL-8 capture antibody (Catalog number: MAB208), a byotinilated human CXCL8 detection antibody (Catalog number: BAF208) and recombinant human CXCL8 (Catalog Number: 208-IL) as the standard. The detection range of this assay was 7.0 -2000 pg/ml. SEPs were recorded to both median and tibial nerve stimulation before and after 8 weeks' treatment with a mixture of LO (40 g/day) with CLA (5 g/day). For SEP recording we used the same procedure described in a previous study (Restuccia et al. 1997) . Subjects lay on a bed in a quiet and semi-darkened room. Stimuli (0.3 ms duration, 5 Hz) were delivered by skin electrodes at the wrist for the median nerve, and at the ankle for the tibial nerve. Stimulus intensity was adjusted to slightly above the motor threshold. The stimulation rate was 1.5 Hz. An automatic artefactrejection system excluded from the average all runs containing transients exceeding ±65 mVat any recording channel. In order to ensure baseline stabilization, SEPs were digitally filtered off-line by means of a digital filter with a bandpass of 30-3000 Hz. Two averages of 1000 trials each were obtained for each stimulated nerve. For median nerve SEP recording, electrodes were placed in the supraclavicular fossa (Erb's point), over the sixth cervical vertebra (CV6), and in the parietal scalp regions contralateral and ipsilateral to the stimulated side. Erb's point electrode was referred to an electrode placed in the frontal region (Fz, according to the 10-20 Intenational System), the CV6 electrode was referred to an electrode located immediately above the thyroid cartilage (AC), and the scalp electrodes were referred to the shoulder contralateral to the stimulated side (noncephalic reference). For tibial nerve SEP recording, electrodes were placed over the fourth lumbar (L4) vertebra [referred to the second lumbar (L2) vertebra], over the 12th dorsal (T12) vertebra (referred to an electrode located immediately above the umbilicus -Abd), at the Cz location of the 10-20 International System (referred to Fz) and in the temporal region (T3/T4) contralateral to the stimulation (referred to an electrode in the ipsilateral parietal region).
For the median nerve SEPs, we evaluated the peak latencies of: 1) the peripheral N9 potential, generated by the brachial plexus volley and recorded by the Erb's electrode, 2) the spinal N13 response, generated within the cervical grey matter and identifiable in the CV6-AC trace, 3) and 4) the scalp far-field P9 and P14 responses, recorded from the scalp electrodes and generated in the brachial plexus and in the lower brainstem respectively, and 5) the contralateral N20 and P25 responses, recorded from the parietal electrode and generated by neurons in the primary somatosensory (SI) area. We also calculated the P9-N20 interpeak interval to assess the conduction time in central somatosensory pathways, and the P9-P14 and P14-N20 interpeak intervals, to evaluate the somatosensory conduction along the cervical dorsal columns and the intracranial lemniscal pathways respectively. Lastly, we evaluated the peak-to peak amplitudes of the spinal N13 response, the P14 far-field scalp potential and the N20 scalp response (Desmedt and Cheron 1980; Yamada et al. 1986 ).
For the tibial nerve SEPs, we evaluated the peak latencies of: 1) the cauda equina response (CE), recorded at L4 and generated by the peripheral volley along the L5-S1 roots, 2) the spinal N24 response, identifiable in the T12-Abd trace and generated by the lumbo-sacral dorsal horn neurons, 3) and 4) the scalp N37 and P40 responses, recorded from the contralateral temporal electrode and the Cz lead respectively and probably generated in the SI area. Moreover, the peak-topeak amplitudes of the N24 potential and of both the scalp N37 and P40 SEP components were measured. Finally, we calculated the N24-P40 interpeak interval to assess the conduction time in central somatosensory pathways.
The SEP values obtained in our patients were referred to the normative data for upper and lower limb SEPs reported in our previous studies (Restuccia et al. 1993; Restuccia et al. 1994; Valeriani et al. 2000) .
Statistic analysis SEP latencies and amplitudes were compared between both sides and between before and after treatment. Paired Student's t-test was used to compare the SEP latencies and the interpeak intervals, while Wilcoxon-test was used to compare the SEP amplitudes. Statistic significance was fixed at p<0.05.
Wilcoxon-test was used to compare lipid profile findings at different time points.
Due to the small number and the wide scatter of the data, cytokine analysis results are shown as raw data without statistic analysis.
Results
Clinical data
No significant adverse effects, potentially related to the administration of the mixture of LO + CLA, were observed during the study period. One patient presented with severe headache after the lumbar puncture, and requested hospitalization for two days.
In three out of five subjects, neurological examination was normal before and after treatment. One patient had a spastic paraparesis (patient 1) and another patient showed a mild tactile and thermic sensory loss in lower limbs (patient 4) before treatment. Their clinical examination did not change after treatment.
Lipid metabolism findings LO + CLA did not significantly affect platelet count. Total cholesterol was reduced during therapy in four out of five individuals, LDL decreased while HDL tended to increase, and triglycerides were relatively unchanged ( Table 2 ). The changes in cholesterolemia could be ascribed to the particularly high intake of oleic acid, which is widely known to decrease LDL cholesterol (Hu et al. 1997) .
Figures 1 and 2 clearly show that in all patients the mixture LO + CLA treatment decreased the two parameters taken into consideration to evaluate very long chain saturated fatty acid elongation activity: plasma levels of 26:0 (Fig. 1) and 26:0/22:0 ratio (Fig. 2) . In CSF, VLCFAs as well as erucic acid were under the detectable levels.
Treatment with the mixture LO + CLA significantly increased CLA levels in plasma (Fig. 3a) and in CSF (Fig. 3c) . The 22:6/20:5 ratio also increased in plasma and CSF but not significantly ( Fig. 3b and d, respectively) . This ratio is an indirect marker of peroxisomal beta oxidation, because to form 22:6 from 20:5 a step in peroxisome is obligatory (Ferdinandusse et al. 2001) . In fact, 20:5 after two steps of elongation forms 24:5, with one step of delta 6 desaturase forms 24:6 and with a final and limiting step in the peroxisome is beta-oxidized to 22:6. The intermediates fatty acids (22:5, 24:5 and 24:6) do not accumulate in sufficient amount to be detected in CSF and in plasma.
The two components of LO, oleic and erucic acids significantly increased in plasma, even though the rise of oleic acid became significant only after two months (data not shown). No changes were detected in CSF (data not shown).
Cytokine assessment IL-8 was not detectable in the CSF (data not shown). On the contrary, at study entry IL-6 was clearly detectable in CSF of all patients. After LO + CLA administration, IL-6 levels were decreased in three out of five patients (patients 1-3), while remained substantially unchanged in two patients (patients 4 and 5). The results are shown in Table 3 . Neurophysiologic findings before treatment Table 4 summarizes SEP results. SEP amplitudes and latencies were not different between right and left side stimulation (p>0.05). Median nerve SEPs were normal in all patients. After tibial nerve stimulation, the CE response and spinal N24 potential were within normal limits in all patients. The scalp P40 potentials resulted abnormally delayed bilaterally in four out of five subjects (patients 1-4). The central somatosensory conduction after both the right and left tibial nerve stimulation (N24-P40 interval) was prolonged in four out of five patients (patients 1-4).
Neurophysiologic findings after treatment SEP amplitudes and latencies were not different between right and left side stimulation (p>0.05).
Median nerve SEPs remained normal in all patients and did not differ from those recorded before treatment (p>0.05). After tibial nerve stimulation, the scalp P40 potential resulted was abnormally delayed only in one out of five subjects (patient 1). Conversely, in three other patients showing a delayed P40 latency before treatment (patients 2, 3 and 4), the P40 potential was recorded with a normal latency after treatment. After treatment, the average P40 latency in our patients decreased significantly from 47.16±4.59 ms to 40.83±4.47 ms (p: 0.003) and the N37 latency decreased from 45.33±4,03 ms to 40.49±4.05 ms (p: 0.019). Moreover, t0  t1  t2  t0  t1  t2  t0  t1  t2  t0  t1  t2  t0  t1  t2   1  61  66  104  264  261  250  141  156  134  87  92  95  346  312  303  2  93  120  108  239  250  219  162  163  136  58  63  61  164  205  246  3  48  39  50  179  178  191  92  96  102  77  74  79  357  324  283  4  43  54  67  179  175  165  119  101  91  51  53  61  264  209  218  5  84  83  61  195  190  149  120  122  106  59  51  41  249  223 286 the N24-P40 interpeak interval decreased from 24.40±5.59 ms to 18.79±3.67 ms (p: 0.016). Lastly, treatment led to a slight increase of both N37 and the P40 amplitudes. Overall, in four out of five patients (patients 2-5) tibial nerve SEPs were significantly improved after treatment.
Discussion
The accumulation of VLCFA in different tissues, including the brain, has been considered not only a marker but also a major determinant of ALD pathogenesis. At present, LO remains the sole therapeutic approach available for ALD targeted to contrast VLCFA accumulation. One of the two components of LO, oleic acid, aims at lowering dietary saturated fatty acids, which are also banned from the ALD patient's diet. The other component, erucic acid, aims at reducing the elongation of docosanoic (22:0) to 26:0, by interfering with microsomal elongases. However, while LO is very effective in decreasing plasma VLCFAs, it does not seem sufficient to prevent ALD (Di Biase et al. 1998) . The efficacy of treatment with LO is questionable, even when the treatment begins at disease onset. This may be explained by the hypothesis that VLCFA accumulation is only one of the factors contributing to the disease. ALD is due to defects of the ALDP, an integral peroxisomal membrane protein (Douar et al. 1994 ). Furthermore, a VLCFA acyl-CoA synthetase, has been found reduced in normal white matter from ALD patients and it has been associated with the early pathogenesis and severity of disease progression (Asheuer et al. 2005 ). Thus, mutations in different genes account for the tissue accumulation of 26:0, through the impaired peroxisomal beta oxidation of peculiar fatty acids which are, almost exclusively, beta oxidized in peroxisomes. The non enzymatic free radical products eicosanoids (including isoprostanes) are beta-oxidized in peroxisomes as a mechanism of their catabolism (Jedlitschky et al. 1993; Leung and Glauert 1996; Mayatepek and Tiepelmann 1996; Ferdinandusse et al. 2002; Iannone et al. 2009; Banni et al. 2010) , thereby a lower eicosanoid peroxisomal beta oxidation may increase inflammation and oxidative stress contributing to ALD pathogenesis. CLA is preferentially beta oxidized in peroxisomes (Banni et al. 2004a) . It has been observed that the fatty acids that are a good substrate of peroxisomal beta oxidation are biological ligands for PPAR alpha (Latruffe and Vamecq 1997) . PPAR alpha regulates the gene expression of membrane transporter proteins, VLCFA acyl-CoA synthetase and all the enzymes involved in peroxisomal beta oxidation (Latruffe and Vamecq 1997) . Our study demonstrates for the first time the prompt entry of CLA through the bloodbrain barrier in humans. Furthermore, because the ratio in percentage between CLA concentrations in CSF and plasma was not significantly different at T0 and T1, (3.8±1.6 vs 2,94±0.9 at T0 and T2 respectively) likewise for the ratio 22:6/20:5 (6163±3251 vs 7009±3521 at T0 and T2 respectively) , it may suggest a dose response with increasing CLA levels in CSF by increasing its levels in plasma. In addition, we found both in experimental animals (Banni et al. 1999) and more recently in humans (manuscript in preparation) that CLA plasma levels were linearly correlated to its dietary intake.
The additional therapeutic effect of LO + CLA is that LO inhibits VLCFA accumulation, mainly in peripheral tissues due to the slow passage through the blood-brain barrier of erucic acid. In addition, CLA may induce the remaining activity of ALDP, and thereby peroxisomal beta oxidation, in peripheral tissues and brain, as confirmed by the increased 22:6/20:5 ratio both in plasma and in CSF. Indirect evidence of the increased peroxisomal beta oxidation, is the significant increase of oleic acid. A contribution of the increased plasma oleic acid level, after LO + CLA intake, might derive, other than to dietary trioleate in LO, from peroxisomal beta oxidation of erucic acid, as previously demonstrated (Golovko and Murphy 2006) . As a matter of fact, we should not expect a large increase after treatment, because of the already high intake of olive oil in the Italian diet (Leclercq et al. 2009 ). In the synergistic action of LO and CLA, the former may prevent the formation of 26:0, by inhibiting elongases. On the other hand CLA, by enhancing peroxisomal beta oxidation both in peripheral tissues and in the brain, may contribute to shortening 24:0, therefore reestablishing the physiological role for catabolism of eicosanoids and lipid peroxidation products. Inflammation is known to be a crucial factor for ALD pathogenesis (Ito et al. 2001) . This concerted action results in an improvement of the SEPs. A better SEP is a sign of neurological improvement which implies an ongoing physiological recovery. The evident decrease of IL-6 concentrations in CSF, in three out of five patients after LO + CLA administration, could represent the biochemical support of this finding. In the present study, four out five patients showed a prolonged central somatosensory conduction time to lower limb stimulation before treatment, confirming a previous report in ALD carriers (Restuccia et al. 1997 ). In our study, tibial nerve SEPs fully recovered after treatment in three out four patients who showed abnormal tibial nerve SEPs at baseline. This result is particularly important, when compared with the findings of a previous study performed in adult ALD patients, in which no SEP improvement was obtained by dietary LO supplementation (Restuccia et al. 1999) .
A major limitation of this study is the number of patients who, as women, are only partially affected by ALD. The results need to be confirmed in a larger number of subjects and to be related to a clinical improvement, not evident in our patients. Nonetheless, the ethical committee would not allow a larger trial with ALD patients without this preliminary data.
In conclusion, we hypothesize that the synergistic action of LO + CLA can improve the progressive somatosensory conduction impairment in ALD carriers. The results of this pilot study are encouraging for planning a larger multi-centre trial, that could help open the field for new therapeutic strategies, not only for ALD, but also for other neurodegenerative diseases where inflammation plays a central role.
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